A successful soil fertility program includes consideration of all macro, secondary, and micronutrients critical for soybean [Glycine max (L.) Merr.] growth and development. While soybean macro nutrient requirements necessitate consideration on an annual basis, micronutrient (Zn, Mn, Cu, Fe, B) deficiencies are less common due to smaller crop removal amounts and typically adequate soil supply in most soybean producing regions where the soil pH is maintained between 6.0 and 7.0 (Mallarino et al., 2017) . However, soybean grain sale prices have increased dramatically since 2000 to a record high of $0.52 kg -1 on average during 2013, with prices reaching $0.63 kg -1 during certain months (USDA-NASS, 2016b). These record high soybean prices has prompted many growers to use various products such as foliar micronutrient fertilizers prophylactically to potentially increase yield. These prophylactic applications are often combined with other in-season herbicide and/or fungicide applications that range from V3 to R3 growth stages, instead of targeted near periods of peak nutrient uptake, similar to common practices for N in corn (Ruiz Diaz et al., 2008) .
In past research, soybean yield response to micronutrient applications has varied as a result of environmental conditions such as soil mineralogy, organic matter, pH, moisture, temperature, and aeration (Mallarino et al., 2017) . For example, Orlowski et al. (2016) reported a 2.4% yield increase to a foliar fertilizer containing Zn, Mn, Fe, and B within the northern Corn Belt, but a -0.7% yield decrease within the central Corn Belt suggesting environmental effects on micronutrient yield responses. Furthermore, application of various levels of B, Cu, and Zn did not significantly affect yield in a 6-yr study conducted in Virginia (Martens et al., 1974) . On Wisconsin soils with a history of Mn deficiency, Randall et al. (1975) found that Mn applied to the soil and the foliage increased yield more than either application independently. Ross et al. (2006) reported a yield increase to B application in three of four site-years but yield responses could not be tied to a specific application timing. Precise knowledge of micronutrient uptake, partitioning and removal could help determine proper application timing and rates to combat inconsistency and increase the probability of a positive yield response.
Secondary and Micronutrient Uptake, Partitioning, and Removal across a Wide Range of Soybean Seed Yield Levels
Reduced atmospheric S deposition, in conjunction with higher grain sale prices and steadily increasing yields of soybean [Glycine max (L.) Merr.], has many growers considering an increase in secondary and micronutrient applications. Limited information exists quantifying requirements of S, Mg, Ca, Zn, Mn, Cu, Fe, and B across a wide yield range for modern soybean production systems. Using six site-years and eight varieties, plants were sampled at six growth stages and partitioned into their respective plant parts and analyzed. Nutrients were acquired heavily (48-73%) from R1 through R5.5 with peak uptake rates near R3. Yet, uptake after R5.5 represented a greater portion of total S uptake as yield increased from the low (24.9%) to high (32.2%) yield level (3608 vs. 5483 kg ha -1 ). This coincided with seed S accumulation, which relied more heavily on continued uptake after R5.5 (58%) vs. vegetative S remobilization (42%). Across all environments (site × year) and varieties, total S uptake (0.004 kg S kg grain -1 ) and removal (0.003 kg S kg grain -1 ) showed moderate (R 2 = 0.58) and strong (R 2 = 0.76) relations with yield, respectively. These relations for each micronutrient were much weaker (R 2 = 0.13-0.66), due largely to the main effects of environment and variety along with their respective interactions with yield. Furthermore, micronutrient concentrations in leaf tissue varied considerably (CV = 28-46%) during recommend testing stages. Thus, previously reported inconsistent yield responses to foliar application of these micronutrients may primarily be due to the large variability in leaf tissue concentrations and nutrient requirements. Abbreviations: CV, coefficient of variation; DAE, days after emergence; HI, harvest index.
core Ideas
• Micronutrient uptake was strongly influenced by environment and/or variety.
• Leaf tissue micronutrient concentrations varied largely between growth stages and within each specific growth stage.
• Total micronutrient uptake for soybean yield of 6,700 kg ha -1 was <0.9 kg ha -1 for Zn, Mn, Cu, Fe, and B.
• Late season S supply is critical as sulfur uptake during seed fill increased with yield, while remobilization from vegetative tissue was relatively less than that of N.
Unlike Zn, Mn, Fe, Mg, and Ca, sulfur in the sulfate (SO 4 2-) form is subject to leaching throughout the growing season. Season long soil supply of sulfur is attributed mostly to organic matter mineralization and atmospheric deposition. However, since the passage of The Clean Air Act of 1970 a significant reduction in atmospheric deposition of S-containing compounds on agriculture land has occurred (EPA, 2001) . During the 1990s, reductions in sulfate deposition of more than 10 kg ha -1 were observed in some US soybean growing regions while soybean yields have steadily increased each year (24 kg ha -1 yr -1 ) (USDA-NASS, 2016b), potentially creating a larger demand for S from fertilizer. Knowledge of current soybean S requirements could help determine if S mineralization and atmospheric deposition are adequate for current soybean production systems and yield levels. Furthermore, both N and S are key nutrients for seed protein formation, a main end use of soybeans. If a relative imbalance between N and S utilization and supply to the seed exist, this could potential limit protein formation and thus yield. An understanding of the sources and rate of N and S supply to the seed may highlight potential areas for improved management, such as late-season sulfur fertilization due the aforementioned reduction in sulfate deposition from acid rain and increasing soybean yields. Bender et al. (2015) recently studied the uptake and partitioning aspect of these secondary and micronutrients across minimal site-years (3) and varieties (2). They found peak uptake periods occurred between R2 and R4 and averaged 4.0, 5.3, 5.2, 9.7, and 0.9 g ha -1 d -1 while total uptake at R8 averaged 290, 374, 335, 872, and 64 g ha -1 for Zn, Mn, B, Fe, and Cu, respectively. However, these results correspond with a single yield level (3480 kg ha -1 ), critically limiting the wide spread applicability of these results because soybean yields vary significantly both spatially and temporally. In addition, identifying sources of variation (i.e., genetics and environment) that affect soybean secondary and micronutrient uptake and crop removal could help growers' better target nutrient applications as suggested by Mallarino et al. (2017) . Therefore, the objective of our study was to quantify and model S, Mg, Ca, Zn, Mn, Cu, Fe, and B uptake, partitioning, and removal patterns and rates across a wide range of environments and genetics, and therefore, yield range, to compliment and improve our understanding of soybean secondary and micronutrient requirements. Our hypothesis is that secondary and micronutrient uptake, partitioning, and therefore removal will vary significantly between environments and varieties, requiring different management approaches in the Genetics × Environment × Management spectrum, compared to macronutrients at various yield levels.
mAterIAls AnD methoDs field experiment
Field trials were conducted at three locations, which differed in soil properties, during 2014 and 2015, for a total of six environments (locations × year) (Tables 1 and 2 ). The trials were a randomized complete block design in a split-plot arrangement with four replicates. The whole-plot factor was planting dates of early and late May. The subplot was a factorial of eight different indeterminate soybean varieties varying in relative maturity from DuPont Pioneer (P10T02R, P10T91R, P15T83R, 16T04R, P19T01R, P22T69R, P24T05R, and P25T51R). Plots were seeded at 345,800 seeds ha -1 and produced stands well above the threshold (>247,000 plants ha -1 ) for adequate yields (Gaspar and Conley, 2015) . Two planting dates, eight varieties, and six environments generated a sufficient yield range (3000 to >6000 kg ha -1 ), which was critical for this study. Plots were seeded in eight 76-cm rows of 6.4-m length at Arlington and Hancock, WI, and four 76-cm rows of 9.1-m length at St. Paul, MN. Soil samples were taken each spring, and results are listed in Table 2 . Based on soil test levels and a yield goal of 6700 kg ha -1 , non-N fertilizer was applied using University of Wisconsin fertilizer recommendations to create a non-limiting fertility environment (Laboski and Peters, 2012) . A seed-applied inoculant containing Bradyrhizobium japonicum was used, but no nitrogen fertilizer was applied at any point. Full season pest control followed University of Wisconsin best management practices (Davis et al., 2015) .
plant biomass sampling, processing, and Analysis
Above ground biomass sampling was performed when 50% of the plants within a plot reached six different predetermined growth stages (V4, R1, R4, R5.5, R6.5, R8) (Fehr and Caviness, 1977) . Biomass sampling areas for each growth stage within a plot were randomly selected and chosen to avoid any bias due to border effects. When each growth stage was reached, whole plants were harvested from 1.52 m of row, which resulted in approximately 30 plants per plot sampled at each sampling period. At the R1 growth stage, wood framed catch containers wrapped with hardware net (0.77 by 1.52 by 0.51 m) were positioned on the ground within a row. These containers were highly effective at collecting all senesced leaves and petioles as the plants progressed toward maturity (R8) and had minimal effects on canopy light interception and gas exchange processes. Abscised leaves and petioles were removed every 3 d from the catch containers to reduce the potential for nutrient leaching from plant tissue. Sampled plants at each growth stage were partitioned into individual plant parts (stems, petioles, leaves, fallen petioles, fallen leaves, pods, and seeds) and dried at 60°C to 0% moisture to determine dry weights. Final seed yield was computed using the R8 seed sample weight, sampling area, and adjusting the moisture content to 130 g kg -1 . All yield values are reported at this moisture content.
All dried plant tissue samples (>6600) were ground to pass through a 2-mm mesh screen for nutrient concentration analysis. Ag Sources Laboratories (Bonduel, WI) analyzed all samples for nutrient concentration using a hot acid digestion followed by Inductively Coupled Plasma (ICP) Spectrometry analysis. (Horwitz and Latimer, 2011) . The tissue nutrient concentration, dry weights, and sample area were used to mathematically derive the nutrient content (kg ha -1 ) of all samples.
statistical Analysis
Statistical analysis was performed using PROC MIXED in SAS (SAS Institute, 2010) . The effects of environment, variety, seed yield (covariate) and their interactions on total plant uptake and removal at R8 for S, Ca, Mg, Zn, Mn, Cu, Fe, and B were examined. Methods described by Engqvist (2005) and Littell et al. (2006) for an analysis of covariance (ANCOVA) were employed where the final model for each variable was determined using a backward stepwise selection process in which the full model is considered first and factors and their interactions are removed until all factors that remain are significant. Covariate analysis was appropriate due to the desire to analyze both continuous and categorical variable (Engqvist, 2005) . Boxplots and residual plots were evaluated to confirm variance assumptions, while normality was assessed using PROC UNIVARIATE in SAS (SAS Institute, 2010; Oehlert, 2000) . Data were analyzed using replicate within environment and the overall error term as random effects. The level of significance was set at 10% and means comparisons were conducted according to Fisher's protected LSD. The Kenward-Rogers method was used to calculate degrees of freedom (Littell et al., 2006) .
Regardless of significant main effects and/or interaction (Table 3) , linear regression was performed combining all environments and varieties to describe the relationship of total nutrient uptake and removal with seed yield for all nutrients. The change and variability of micronutrient concentrations in leaf tissue were also assessed at the V4, R1, R4, and R5.5 growth stages using means and their CV values. Nitrogen to S ratios were also computed for each plant part at all sample stages and regressed across the whole growing season to determine trends in this ratio and the strength of these trends using coefficient of determination (R 2 ) values.
Sulfur, Ca, Mg, Zn, Mn, Cu, Fe, and B uptake, partitioning, and remobilization between various plant parts was modeled across the whole growing season using DAE. Three figures were generated for S to assess changes between relatively low (3608 kg ha -1 ), average (4421 kg ha -1 ), and high (5483 kg ha -1 ) yield levels, while all other nutrients were assessed at the 4421 kg ha -1 yield level. These yield levels represent approximately the 25th, 50th, and 75th quantiles of the data. The figures were built in SigmaPlot (Systat Software, 2013) using the multiple spline curve option with smoothed data points, where all units are expressed on a dry weight basis. In addition, a three-parameter logistic growth model (Eq. [1]) was used to determine the rate of nutrient uptake throughout the growing season, where a is the maximum nutrient accumulation, b is the rate of accumulation, and x 0 is the point of maximum accumulation. The peak period and rate of uptake was determined based on the standard error of the model, and R 2 values for each nutrient's model were greater than 0.98.
results
AnD DIscussIon
Across all environments, growing conditions were mostly favorable with slight deviations in precipitation and temperature across the growing season (Table 1) . Temperatures were slightly below average in 2014 except at St. Paul, which was well above the 30-yr average. The other five environments were much closer to their respective averages. Precipitation was above average at St. Paul in 2014, mainly due to excess early season rainfall in May followed by normal precipitation for the rest of the growing season. In 2014, Arlington, which also received excess rainfall in May, saw below average rainfall for the remainder of the growing season resulting in a total, near average. During 2015, both Arlington and St. Paul had optimal spring planting conditions due to slightly below average precipitation followed by slightly above average precipitation, providing an optimal growing season for record and near record yields in MN and WI, respectively (USDA-NASS, 2016a). Hancock received supplemental irrigation in both years, which ensured an adequate water supply for the whole growing season.
soybean nutrient uptake
Total uptake for each secondary and micronutrient exhibited a relationship with seed yield (Table 3) . Sulfur uptake presented the strongest relationship with yield (R 2 = 0.58), while the relationship for the other nutrients produced R 2 values near and significantly below 0.50. Manganese, Fe, and B produced the lowest R 2 values, which were 0.15, 0.13, and 0.19, respectively (Fig. 1) . Weak relationships between yield and total uptake for each nutrient except S were, to a certain extent, due to the variability associated with environment and variety ( Table 3) . The main effect, environment, affected total uptake for Mg, Ca, Fe, and B, while differences between varieties were found for Mg and Cu meaning that similar slopes existed, but their intercepts differed. Furthermore, interactions between seed yield and either environment or variety demonstrated that different slopes existed to explain the relationship between total nutrient uptake and yield for specific environments or varieties. Adding to the complexity was the occurrence of three-way interactions for Mg, Zn, Mn, and Fe, meaning that the equation describing the relationship between total nutrient uptake and yield differed by both environment and variety, totaling 48 possible combinations (Table 3) . Therefore, the relationship between soybean yield and nutrient uptake for Mg, Zn, Mn, and Fe was variety within environment specific, while Ca and B was environment specific and Cu was variety specific. Considerable research has been conducted assessing genetic variation and agronomic management practices to aid nutrient uptake. Particularly for Fe, differences in a varieties ability to acquire Fe has been well documented (Varietal Iron Chlorosis Scores) in addition to proven management practice such as higher seeding rates, wider row spacing, and use of companion crops (Gaspar, 2009) .
The relationship between total S uptake and yield was independent of environment and variety (Table 3 ). The total S uptake and yield relationship was solely described by a slope of 0.004 kg S kg grain -1 with an intercept of 2.049 kg S ha -1 resulting in total uptake of 14.9, 17.7, and 21.4 kg S ha -1 at the low, average, and high yield level, respectively ( Fig. 1; Table 4 ). Even though interactions between seed yield, environment, and variety were found (Table 3) , quantification of the relationships between micronutrient uptake and yield for the different environment and/or variety combinations did not produce large enough differences (<0.7 kg nutrient ha -1 ) to have meaningful implications. Moreover, the rate of variety turnover makes variety specific recommendations unrealistic. Therefore, a single equation is presented for the remaining secondary and micronutrients (Fig. 1) . At a 4421 kg ha -1 yield level, Ca uptake (79.5 kg ha -1 ) was more than double Mg uptake (36.0 kg ha -1 ). Fortunately, most agricultural soils contain a large supply of both Mg and Ca for crop production and are typically not limiting unless the soil pH becomes heavily acidic or alkaline (Gaspar and Laboski, 2016) . Total uptake at the same 4421 kg ha -1 yield level was 0.23, 0.49, 0.07, 0.61, and 0.22 kg ha -1 for Zn, Mn, Cu, Fe, and B, respectively ( Fig. 1; Table 5 ). However, these values varied depending on the environment and/or variety used, and may partly explain the inconsistent yield responses to foliar micronutrient applications documented in multiple studies where different varieties and environments were employed (Oplinger and Ohlrogge, 1974; Orlowski et al., 2016; Randall et al., 1975; Ross et al., 2006) . Furthermore, the relatively small quantities of required micronutrients (<0.5 kg nutrient ha -1 at an average soybean yield level of 4000 kg ha -1 ) help explain the difficulty in establishing accurate critical soil test levels for these micronutrients (Enderson et al., 2015; Mallarino et al., 2013) .
Nutrient uptake prior to R1 or approximately 38 DAE was less than 17% of total season-long uptake for all secondary and micronutrients except Fe, which approached 25% ( Fig. 2;  Fig. 3 ). Between the initiation of reproductive growth and R5.5, 68.9 ± 0.9 69.6 ± 0.4 70.0 ± 0.9 Seed S accumulated after R5 ¶, kg ha -1 (%) 5.1 (49.9) 6.6 (53.5) 8.6 (58.0) Vegetative S remobilized after R5.5 † †, kg ha -1 (%) 5.1 (50.1) 5.7 (50.0) 6.3 (48.7) † Related to the specific graph's relative position within the three stacked graphs for S. ‡ Seed yield is reported at 130 g kg -1 moisture while all other estimates are reported on a dry matter basis. § Means for total S uptake, S removal, and S harvest index are followed by the standard error of the estimate. ¶ Portion of total seed S that is accumulated from R5 through R8 by continued uptake from the soil. Total kg ha -1 are reported followed by the percentage of total seed S it represents in parenthesis. † † Portion of S accumulated in the stems, petioles, leaves, and pods that was remobilized to the seed from R5.5 through R8. Total kg ha -1 are reported followed by the percentage of vegetative S it represents in parenthesis.
rapid accumulation of these nutrients occurred. This was most evident for Ca, Mn, and B, where more than 80% of the total season-long uptake occurred by R5.5. Conversely, the portion of total uptake acquired after R5.5 for Mg, Zn, and Cu, accounted for 23.0, 24.5, and 26.9%, respectively, while S uptake after R5.5 differed between the low (3.7 kg S ha -1 ), average (5.1 kg S ha -1 ), and high (6.9 kg S ha -1 ) yield levels accounting for 24.9, 28.6, and 32.2% of the season-long total, respectively (Fig. 2) . Bender et al. (2015) reported 32% of total S uptake was acquired after R5.5, but this was at a much lower yield level (3480 kg ha -1 ). Nevertheless, our study demonstrates greater reliance on lateseason S uptake for higher yields (Fig. 2) , which agrees with the findings for N by Gaspar et al. (2017a) .
soybean nutrient uptake rate
All secondary and micronutrient uptake rates showed a lag phase during early-season growth, except for Fe, which steadily increased in uptake rate until its peak rate was reached near R2.5 ( Fig. 4; Fig. 5 ). The larger early-season uptake rate for Fe explains the greater portion of total Fe acquired prior to R1 compared to the other secondary and micronutrients. By V2, the uptake rate for each nutrient began a consistent increase until peak rates were reached. Specifically for S, the high yield level experienced a shorter duration within the early-season lag phase, and subsequently reached an uptake rate of 0.15 kg S ha -1 d -1 at 30 DAE (V4), which was similar to the average (0.14 kg S ha -1 d -1 ) yield level but greater than the low (0.13 kg S ha -1 d -1 ) (Fig. 4) . The gradual separation between the S uptake rates for each yield level continued to increase until peak rates were reached at R3, compared to R4 as reported by Bender et al. (2015) . Peak uptake rates for the low, average, and high yield levels were 0.26, 0.28, and 0.33 kg S ha -1 d -1 , respectively (Fig.  4) . Correspondingly, peak uptake rates for the remaining secondary and micronutrients occurred near R3, ranging between R2.5 to R3.5, and were between 0.001 and 1.78 kg ha -1 d -1 depending on the nutrient (Fig. 5) . Similar peak uptake rates were documented by Bender et al. (2015) at the R4 growth stage. After the peak uptake period for S had been reached, uptake rates for the all three yield levels decreased parallel to each other to rates less than 0.1 kg S ha -1 d -1 by R7 (Fig. 4) . After peaking near R3, Mg, Ca, Zn, Mn, Cu, and B uptake rates decelerated and gradually approached zero after R3. In contrast, the Fe uptake rate remained much closer to its peak uptake rate (Fig. 5) . For instance, the Fe uptake rate at R8 was 49% of its peak rate compared to only 10% for Mn. This can be seen in the more linear accumulation of Fe after R3 compared to a more curvilinear accumulation of the other secondary and micronutrients (Fig. 3) .
Application of foliar micronutrients during vegetative growth in combination with post-emergent herbicides has been an increasingly common practice; however, consistent yield responses to these applications during vegetative growth have not been observed (Mallarino et al., 2001; Mallarino et al., 2017) . Furthermore, various studies on foliar micronutrient fertilization have targeted the R1 growth stage for application with inconsistent results (Orlowski et al., 2016) . The current study suggests that applications should be targeted just prior to Fig. 2 . Sulfur (S) uptake and partitioning across the growing season separated into three different graphs representing relatively low 3608 kg ha -1 (bottom), average 4421 kg ha -1 (middle), and high 5483 kg ha -1 (top) yield levels. Table 5 . Secondary and micronutrient partitioning summary statistics at a yield of 4421 kg ha -1 (Fig. 3) .
Characteristic
Mg Ca Zn Mn Cu Fe B Total nutrient uptake, kg ha -1 35.95 ± 0.6 † 79.49 ± 1.5 0.23 ± 0.004 0.49 ± 0.009 0.07 ± 0.001 0.61 ± 0.01 0.22 ± 0.005 Nutrient removal, kg ha -1 11.72 ± 0.1 10.03 ± 0.1 0.16 ± 0.002 0.12 ± 0.002 0.05 ± 0.001 0.18 ± 0.003 0.10 ± 0.002 Nutrient harvest index, % 32.6 ± 0.5 12.6 ± 0.2 68.7 ± 0.5 24.8 ± 0.4 64.4 ± 0. .5 † Means for each nutrient total uptake, removal, and harvest index are followed by the standard error of the estimate. ‡ Portion of total seed nutrient that is accumulated from R5 through R8 by continued uptake from the soil. § Portion of nutrient accumulated in the stems, petioles, and leaves that was remobilized to the seed after R5.5, except for Mg, Ca, and Mn at R6.5. the R3 growth stage when peak uptake rates occur, to match nutrient demand with nutrient application, similar to the goals for in-season nitrogen management in corn. Future research comparing yield response of foliar fertilization at various growth stages and R3 will be need to confirm this and may improve soil test correlation. In terms of S, a shorter duration in the lag phase of early-season uptake, a higher peak S uptake rate, and greater late-season uptake rates, were all consistent with greater total S uptake for the high yield level (21.4 kg S ha -1 ) compared with the average (17.7 kg S ha -1 ) and low (14.9 kg S ha -1 ) ( Fig. 4 ; Table 4 ).
soybean nutrient partitioning
Nutrient partitioning of the various secondary and micronutrients differed considerably ( Fig. 2; Fig. 3 ). At R5.5, relatively large portions of total Ca (37%), Zn (46%), Mn (52%), and B (35%) were held in leaf tissue while stem tissue accumulated a majority of the Mg (32%) and Cu (27%) (Fig. 3) . Leaf and stem tissue accumulated similar amounts of S. When pooled across all yield levels at R5.5, and therefore differing in amounts of total S, S partitioned to the leaves, stems, seeds, pods, and petioles was 33.4, 28.8, 11.6, 12.9, and 10.2%, respectively. The remainder of the S was allocated to fallen leaves and petioles (~3%) (Fig. 2) . The partitioning of S matches very closely with the partitioning patterns of P at R5.5 (Gaspar et al., 2017b) , and displayed a more uniform distribution throughout the plant compared to N, which was mainly accumulated in leaf tissue (Gaspar et al., 2017a) . Prior to R5.5, micronutrient concentrations in leaf tissue changed as the soybean progressed through the growing season. We found a steady increase in Zn and B in leaf tissue concentration from V4 through R5.5. In contrast, the leaf tissue Fe concentration decreased drastically by 54% from V4 to R5.5, whereas Mn and Cu fluctuated inconsistently up and down between growth stages (Table 6 ). Additionally, the estimated leaf tissue concentration for each micronutrient at each growth stage contained tremendous variability even though nutrient supply was thought to be non-limiting. Coefficient of variation (CV) values were particularly high for Zn (45.6%) and Fe (40.1%), while still moderately high for Mn, Cu, and B (>27.7%) ( Table 6 ). This variability may add to the difficulty in establishing precise and accurate sufficiency ranges to monitor plant nutrition and may also suggest the need for alternate assessment methods. For instance, Enderson et al. (2015) was unable to quantify micronutrient sufficiency ranges across 42 site-years in Iowa. Moreover, the large fluctuation in tissue nutrient concentration (Table 6 ) throughout the growing season demonstrates why it is important to collect tissues samples at the same growth stage and time of day (Mundorf et al., 2015) when used to develop tissue nutrient sufficiency ranges as suggested by Mallarino et al. (2017) and Mills and Jones (1996) .
The largest shifts in nutrient tissue concentrations occurred with the onset of nutrient remobilization from vegetative tissue sources (stems, petioles, leaves, and pods) to the seed sink. This occurred for all nutrients except for Fe, where all the Fe accumulated in the seed came from direct uptake from the soil and not remobilization ( Fig. 3 ; Table 5 ). The beginning of vegetative nutrient remobilization occurred at different stages for the various nutrients. After R5.5, S, Zn, Cu, and B uptake was partitioned solely to the seed and these nutrients stored in vegetative tissue began rapid remobilization to the seed. In contrast, Mg, Ca, and Mn was acquired in vegetative tissue until R6.5, when subsequent remobilization began ( Fig. 2; Fig. 3) . From R5.5 to maturity, 5.1, 5.7, and 6.3 kg S ha -1 of total vegetative S was remobilized to the seed for the low, average, and high yield levels, respectively ( Fig. 2; Table 4 ). However, on a relative basis there was little difference in vegetative S remobilization between the three yield levels (48.7-50.1%) and these relative quantities were greater than the 40% reported by Bender et al. (2015) . The relative vegetative S remobilization values, at the whole plant level, were much less than that of N (67-69%) (Gaspar et al., 2017a) . Specifically, the lower N to S ratio of the senesced fallen leaves and petioles compared to the functioning leaves and petioles suggests these plant parts are more efficient at remobilizing N as compared with S, which agrees with the findings of Hanway et al. (1984) and Sexton et al. (1998) (Fig. 6) . Furthermore, the robust decrease in the pod N to S ratio through seed filling (R 2 = 0.95) is likely due to early N storage and subsequent remobilization of N beginning at R5.5 (Gaspar et al., 2017a) , whereas pod S remobilization was minimal until approximately R6.5 (Fig. 2) . However, the greater relative N remobilization capacity demonstrated by the N to S ratio for leaves, petioles, and pods did not translate into an increased N to S ratio of the sink tissue (seed) through seed fill (R 2 = 0.99). The decreasing N to S ratio of the seed during seed fill even though S remobilization was relatively less than N remobilization, indicates seed S accrual relied more heavily on late season uptake from the soil than remobilization, when compared to N (Gaspar et al., 2017a) . (Fig. 2; Fig. 6 ). Alternatively, vegetative Zn remobilization (50.8%) closely matched that of S, while vegetative Cu remobilization (43.0%) closely matched that of K, both on a relative basis (Gaspar et al., 2017b) . We noted significantly less relative vegetative remobilization for Mg (11.5%), Ca (7.5%), Mn (14.2%), and B (21.5%) ( Fig. 3 ; Table 5 ).
Unlike vegetative S remobilization, the relative portion of seed S accrued after R5 from continued uptake differed between the low (49.9%), average (53.5%), and high (58%) yield levels ( Fig. 2; Table 4 ). While the amount of vegetative S remobilized was significant (5.1-6.3 kg S ha -1 ), an increasing reliance on continued uptake to meet seed S demands was associated with higher yields (>5034 kg ha -1 ) (Table 4 ). This is likely because S acquired during seed fill is largely transported directly to the seed (Naeve and Shibles, 2005) . In agreement, a greater reliance on continued N uptake to meet seed N demands was also reported by Gaspar et al. (2017a) . Furthermore, the importance of continued uptake after R5 for Mg, Ca, Mn, and Fe cannot be understated as this accounted for 84.7, 94.3, 82.7 , and 100%, respectively, of the seeds' demand for these nutrients. Whereas to a lesser extent, Zn (53.0%), Cu (58.3%), and B (65.6%) still met the majority of seed nutrient demand through continued uptake past R5 ( Fig. 3 ; Table 5 ).
Our findings demonstrate the vast difference in secondary and micronutrient partitioning throughout the soybean plant as the growing season progresses. While many nutrients like Ca, Zn, Mn, and B were heavily partitioned to the leavqes, this was not always the case for nutrients like S, which was more equally distributed among various plant parts. Substantial variation was found in estimates of micronutrient leaf tissue concentrations at multiple growth stages, which likely contributes to the difficulty in establishing nutrient sufficiency ranges that correspond with consistent yield responses to foliar fertilization. Disparity in the timing and amount of vegetative remobilization to the seed for each nutrient was evident. Yet, all secondary and micronutrients saw greater than 50% of seed nutrient come from continued uptake past R5. Seed S demands were increasingly met by continued uptake as yield increased, while vegetative S remobilization did not substantially change with greater seed yields and was relatively less than N, highlighting the importance of late season S uptake as yields increase.
soybean nutrient removal
Nutrient removal with the seed was related to soybean seed yield for each secondary and micronutrient (Table 1 ). This relationships for Mg, Cu, and Fe, was not affected by the environment or variety, while two-and three-way interactions between seed yield and environment and/or variety occurred for S, Ca, Zn, Mn, and B. For instance, there was a significant variety × seed yield interaction for S and Ca, meaning that the equation describing seed S and Ca removal was variety specific. However, when pooled over all varieties, equations describing the S and Ca relationships with yield produced strong R 2 values of 0.76 and 0.67, respectively, with standard errors near 1.1 kg ha -1 (Fig. 7) . Furthermore, the rate of variety turnover makes variety specific recommendations impractical, and thus, single equations are presented for all secondary nutrients (Fig. 7) . Likewise, R 2 values for the remaining micronutrients were moderately strong (>0.50), except for Fe (0.34) and B (0.21). While the environment and variety did not explain the large variability in the seed Fe removal-yield relationship, environment did affect the seed B removal-yield relationship (Table 3) . However, like that of total nutrient uptake, this variability did not produced large enough differences (<0.15 kg nutrient ha -1 ) to have meaningful implications, and thus, single equations are presented for all micronutrients (Fig. 7) .
The nutrient harvest index (HI) for S was approximately 69% for all three yield levels, which is 8% greater than that reported by Bender et al. (2015) but only 3% greater than the findings of Sexton et al. (1998) and results in 10.2, 12.3, and 15.1 kg S ha -1 being removed with the seed at the low, average, and high yield levels, respectively ( Fig. 7 ; Table 4 ). Magnesium (32.6%) and Ca (12.6%) HI values were substantially lower than for S resulting in similar removal amounts of 11.7 kg Mg ha -1 and 10.0 kg Ca ha -1 at the average (4421 kg ha -1 ) yield level despite greater total Mg and Ca uptake (Tables 4 and 5 ). Micronutrient HI values were highest for Zn (68.7%) followed by Cu (64.4%), B (44.2%), Fe (30.1%), and Mn (24.8%) resulting in 0.16, 0.05, 0.10, 0.18, and 0.12 kg ha -1 being removed with the seed at a 4421 kg ha -1 yield level. Because the nutrient HI values for Mg, Ca, Mn, Fe, and B were below 50%, harvesting the nongrain portion (stover) of the plant is the primary mechanism of nutrient removal. In particular, large amounts of Ca (69.5 kg ha -1 ) was held in the stover at a 4421 kg ha -1 yield level ( Fig. 3 ; Table 5 ). Fortunately, if soybean stover is harvested, the need for additional fertilizer applications are rare, as large amounts of Ca and Mg are held in most agricultural soils and Mn, Fe, and B removal in the stover was minimal (<0.5 kg ha -1 ).
Nutrient removal with seed varied due to the environment and/or variety for some nutrients (S, Ca, Zn, Mn, and B), but overall displayed much stronger relationships with seed yield compared to total nutrient uptake. Furthermore, nutrient HI ranged between 12.6 and 68.7%, which was well below the nutrient HI reported for N (83.3%) and P (81.5%) by Gaspar et al. (2017a) and Gaspar et al. (2017b) , respectively. The combination of minimal total micronutrient uptake and low nutrient HI's (at the avg. yield level, 4,421 kg ha -1 ) resulted in small quantities (<0.18 kg nutrient ha -1 ) being removed with harvested seed, which is why annual application of these micronutrients is often unnecessary, especially when a proper soil pH is maintained (Mallarino et al., 2017) . However, stover harvest drastically increased the amount of Mg and Ca removed annually, although this likely has minimal impact on most agricultural soil throughout the United States.
conclusIons Soybean secondary and micronutrient uptake, except for Fe, was minimal prior to flowering (R1), but increased through R5.5. Peak uptake rates occurred near R3 and coincided with the period (R1 to R5.5) when a majority (48-73%) of total uptake for each nutrient occurred. Yet, uptake after R5.5 represented a significant amount of total Mg (23.0%), Zn (24.5%), and Cu (26.9%) uptake, while the relative amount of S uptake after R5.5 increased substantially between the low (24.9%) and high (32.2%) yield levels. Concurrent was a greater reliance on continued uptake from the soil after R5 to meet seed S demands at higher yield levels (>5034 kg ha -1 ), while the relative portion of vegetative S remobilized to the seed changed little across the three yield levels. Therefore, greater S removal with the seed as yield increased (0.003 kg S kg grain -1 ) was mainly met through greater uptake from the soil after R5, similar to N (Gaspar et al., 2017a) , highlighting the importance of late-season S supply. However, S removal varied by variety, while other nutrients (Ca, Zn, Mn, B) varied by environment and/or variety. This environmental and varietal variability was even more pronounced for total nutrient uptake of Mg and all micronutrients, where the occurrence of two-and three-way interactions occurred and R 2 values were considerably lower, meaning total nutrient uptake can vary by the field, year, and/or variety. Changes in leaf tissue concentration throughout the growing season emphasizes the importance of calibrating tissue nutrient sufficiency ranges at exact growth stages. Yet, large variability in leaf tissue concentrations even within specific growth stage exists. Therefore, previously reported inconsistent yield responses to micronutrient applications, may be due to soybean leaf micronutrient concentration variability and micronutrient requirements varying based on the field, year, and/or variety. 
